Abstract. Ultrafine grained materials prepared by methods of severe plastic deformation appear to show good ductility for their high strength. To a large extent this ductility enhancement, for the given strength, is shown to correspond to the fracture ductility and not the uniform ductility at maximum stress. The improved fracture ductility is often due to the refinement or removal of the coarse defects that act as sites for failure nucleation. The low work hardening rate inherent to the very fine microstructures produced by severe plastic deformation essentially condemns such materials to very low uniform ductility. Stress relaxation occurring during unloading after processing, and changes of internal stresses during reloading for mechanical testing, appear to play a significant role in determining deformation behaviour near the onset of plastic flow, and this can affect the measured uniform strain.
Introduction
The low ductility of high strength materials with extremely fine microstructures has been a worry for a long time [1, 2] , and to a large extent can be related to the low work hardening rate, as expressed through the Considère criterion or, including a strain-rate sensitivity term, the Hart criterion [3] [4] [5] [6] [7] [8] [9] [10] . This worry about behaviour of nanostructured materials may, in part, be related to inhomogeneities, flaws or defects, especially as found in crystallized glasses or in powdercompacted materials [1, 2, 11] .
To a certain extent, it appears that the ultrafine grained materials, especially those produced by severe plastic deformation, may not be so susceptible to problems of low ductility, and may show relatively good ductility for their strength [12] [13] [14] [15] . This has been described as a paradoxexceptionally good ductility for the material strength [9, 16] .
Nevertheless, many studies have examined ways to improve the strength-ductility combination, with a variety of ideas or processes suggested: -high strain rates for mechanical testing [6, 8, 9] ; -low temperatures for testing [5, 6, 8, 9] ; -annealing to partially recrystallize [5, 7, 9, 11] ; -including second phase particles, probably uncuttable dispersoids that can spread the load internally and avoid the formation of shear bands with associated rapid failure [9, 11, 17, 18] ; -enhancing twin formation as features that can strengthen without provoking fracture [19] [20] [21] . At this point it is important to emphasize that several of these reports or suggestions are not of much relevance to the introduction of materials with such ultrafine microstructures as engineering materials. Firstly, for most possible applications, the total fracture ductility is not as important as the uniform ductility, at the maximum applied load or stress, after which strain instability takes over. Equally, achieving good ductility under temperature or strain rate conditions different from realistic application conditions is not relevant, neither is the possibility of improved failure ductility in inhomogeneously deforming materials. Finally, as emphasized in some recent publications [22] , determining ductility on extremely small tensile samples [4, 20, 23] , especially those with low length to width/thickness dimensions, will exaggerate ductilities.
Experimental Details
This overview of factors affecting ductility of ultrafine grained materials prepared by severe plastic deformation will re-examine deformation and fracture in two sets of materials previously studied by the present research group [24] [25] [26] . Two alloys will be examined: a commercial 6082 Al alloy (nominally Al-1%Mg-1%Si (weight percent throughout)) and a laboratory-cast Al-7%Si alloy. The 6082 alloy is a precipitation hardening material which was examined in the solutionised, the peakaged, and the heavily-overaged states [24, 25] . The Al-Si alloy is a composite comprising the ductile Al matrix with about 9% by volume of coarse, brittle Si phase [26] . Both materials were processed by equal channel angular pressing (ECAP), carried out at room temperature, using a die introducing a strain of about 0.7 per pass and were processed, using the so-called route A [27] , to very high strain levels. ECAP processing was carried out very quickly after the prior heat treatments (for solutionising, etc) such that no changes of solute or precipitate state due to diffusional precipitation or coarsening were expected before or during processing. Mechanical properties were evaluated on such heavily deformed materials, both in tension, using cylindrical samples of gauge diameter 3 mm and length 20 mm, and in compression, using cylindrical samples of diameter 3 mm and length 5 mm. In both cases, a strain rate of about 4 x 10 -4 /s was used [24] [25] [26] . Microstructures both before and after ECAP processing were examined by scanning electron microscopy (SEM) using backscattered electron contrast and transmission electron microscopy, and fracture surfaces examined by SEM using secondary electron contrast. The present publication concentrates on mechanical behaviour of these materials, however, and lack of space does not allow the presentation of any microstructures here. The relevant microstructures may be found in other publications by the authors [24, 25] .
Analysis of Ductility of Ultrafine Grained Materials
Ductility of Al Alloys Deformed by ECAP. Following deformation to high strain levels, the tensile stress-strain curves typically observed show an initial elastic region (corresponding to the high yield stress), a rounded yield stage, the material quickly reaches the maximum load or stress corresponding to the uniform plastic strain, ε unif , an extended period of decreasing stress which delays the appearance of fracture, at a total strain ε fr . Examples taken from the Al-Mg-Si alloy in the three prior conditions of heat treatment, and after different levels of prior strain by ECAP, are shown in Figure 1 , where true applied stresses (assuming uniform plastic strain along the sample gauge length) and true plastic strain is represented. Fig. 1a shows the data of solutionised material as both nominal stress and true stress, making it clear that the uniform strain assessed using true stress is considerably larger than when considering nominal stress. For the three heat treated conditions, the early achievement of maximum stress at a small ε unif and the extended period of decreasing stress leading to large ε fr are clear. Ductility values are reported as a function of the level of prior strain in Figure 2 where both the uniform strain at maximum stress and the fracture strain are given. As reported on many occasions [4] [5] [6] [7] [8] [9] 16, 18, 19, 22] , the ductility values (ε unif and ε fr ) are small after the first ECAP pass (as found also after heavy deformation by conventional techniques such as rolling) but increase somewhat after higher levels of prior strain. Fig. 2 , which represents the ductility levels on a logarithmic scale, shows a notable relative increase in the ε unif values as the prior strain level increases, but the absolute increase in ductility is more significant for the ε fr values, as seen in Figure 3 . Fig. 3 , which compares the ductility, represented on a linear scale, with the material yield stress, makes the general point that the ductility improvements brought about by very high levels of prior strain are most significant for fracture ductility, and much less significant for
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Ductility of Bulk Nanostructured Materials uniform strain levels. Fig. 3 , plotted in the same way as Valiev and others [9, 16] , also makes it clear that the paradox of very high ductility with high yield stress is valid when considering fracture strain, ε fr , but much less so when considering uniform plastic strain, ε unif . The data of Figs. 2 and 3 also make it clear that the beneficial ductility improvement obtained by higher levels of prior strain depend on the initial heat treatment state. Both the initially solutionised material and that overaged to very large precipitate sizes [24, 25] show a steady increase in ductility for prior strain levels above 1. On the other hand, for the material initially in the peak-aged state, where fine and shearable particles were present, there was a steady and continuous fall in ductility as the level of prior strain increased, up to the highest levels of prior strain examined. While not completely understood [24] , this steady loss of ductility is presumably associated with the easier localization of strain during the tensile testing due to the shearing of remaining fine precipitates. On the other hand, the presence of a suitable prior dislocation structure [5, 6, 21, 28] (in the deformed solutionised material) and of a suitable dispersoid arrangement [18] (in the deformed overaged material) encourages the improvements in ductility. Variation of tensile ductility, recorded at both stress maximum (uniform strain) and at at both stress maximum (uniform strain) and at fracture as a function of ECAP prior strain, for fracture as a function of yield stress. Al-Mg-Si Al-Mg-Si in the solutionised, peak-aged and in the solutionised, peak-aged and overaged overaged conditions. Strains measured at both conditions. The large arrow indicates the trend maximum nominal and true stress are shown.
due to increasing prior strain by ECAP. Improved Fracture Ductility following Deformation by ECAP. The section above has indicated that the role of very large prior ECAP strain is to improve the fracture ductility much more than to increase the extent of uniform strain. This may be understood as a role of prior strain in modifying either (or both) the deformation and work hardening behaviour throughout the entire tensile test, or an effect of the prior strain on fracture mechanisms themselves. For such alloys, fracture takes place by the nucleation and growth of internal cavities, which are typically formed at dispersed inclusion or precipitate particles. The importance of such particles is illustrated by studies of fracture surfaces as illustrated in Figures 4 and 5 , for the Al-Mg-Si and Al-7%Si alloys. Fig. 4 compares the tensile fracture surfaces for the Al-Mg-Si alloy, in the three heat treated states, after previous deformation by ECAP to high strain. In all cases, the fracture surfaces show dimples, which are of different size for each case, and at the bottom of which fine particles can often be distinguished (some indicated by arrows). These materials contained intermetallic dispersoid particles (all heat treated states) and shearable, nanometer-thick precipitates (peak-aged state before ECAP), or coarse precipitates (overaged state) [24] . The spacing of these intermetallic dispersoids and coarse precipitates can be calculated as 0.9-1 µm, 0.8-0.9 µm and 5 µm, for the as-solutionised, peak-aged, and overaged materials, respectively [24] , with these values corresponding somewhat to the dimple spacing seen in Fig. 4 (a) and (b) -about 0.5 µm in both cases -and in Fig. 4 (c) -about 1.5-2 µm. Assuming that some shearing of the intermetallic and coarse precipitate particles took place during ECAP, these fracture surfaces are well described by considering that the dimples that ultimately cause fracture are initiated at the various dispersoid particles. On the other hand, the dimples do not correlate at all with the grain sizes produced by ECAP processing, which were 0.25-0.3 µm, 0.3-0.35 µm, and 0.35-0.4 µm for the three initial material states [24] . This analysis is further demonstrated by the comparison of fracture surfaces shown in Fig. 5 , relating to as-cast Al-7%Si, and the same material after deforming by ECAP to a high strain level. Here, it is clearly seen that the coarse Si particles, present as flakes of length about 6 µm and width about 4 µm in the as-cast state [26] , act a nucleating sites for rapid dimple or crack formation and lead to fracture at a small strain (4.5%). Severe plastic deformation by ECAP has fragmented and dispersed these brittle Si particles to a size of about 1 µm, such that dimple/crack nucleation is more difficult, and fracture is delayed to a larger strain (13%). Fig. 5(a) shows many coarse brittle Si particles that initiated early cracking in as-cast material, with Fig. 5(b) showing the many finer Si particles that allowed greater strain before fracture occurred. Evolution of work hardening with strain level. The evolution of work hardening rate of fcc metals such as the Al alloys has been extensively studied over many years as, for example, reviewed by Kocks and Mecking [29] . The evolution with imposed strain (or with applied stress) is illustrated in Figure 6 , taken from ref. [29] . The first stages (I and II) are found only in suitable single crystals, and otherwise work hardening is characterized by a continuously falling rate at higher levels of imposed strain or stress, described as stage III, until at very high strains the materials enter a stage of approximately steady, very low work hardening rate, known as stage IV. (There may be further changes in work hardening rate, stage V and so on, at higher strain levels, but this will not be considered here.) The evolution from stage III to stage IV occurs at imposed strain levels above about 2-4, and where the dislocation cellular structure characterizing stage III evolves to the higherangle sub-boundaries or grain boundaries typical of the ultrafine grained materials of most interest here. The evolution of work hardening rate with strain imposed by ECAP has been shown [24] to follow the Voce law typical of stage III (θ = θ 0 [1-σ/σ v ], θ is the work hardening rate at the imposed stress level σ, θ 0 is a reference level of work hardening rate, and σ v is a reference stress level [29] ) for strain levels in the range 2-4, that is where the microstructure is changing from one dominated by dislocations and cell structures to one dominated by medium-to-high angle boundaries. Data on tensile and compression testing evolution of work hardening rate with the an Al-7%Si alloy initially deformed by ECAP to imposed strain (or applied stress).
a strain of 7. The initial stage, onset of plasticity, is shown, and (inset) the complete tensile curve.
Considering that the severe plastic deformation has taken the material state close or into the stage IV regime, and ignoring any strain recovery during unloading of the sample at the end of the final deformation processing step (for example the final ECAP pass), it is reasonable to assume that a sample will continue deforming at the same low work hardening rate on reloading for mechanical testing. As such, the severely-deformed material is condemned, by the Considère condition, to enter flow instability very quickly and show a very small uniform ductility.
According to this analysis, the level of uniform ductility will be affected by any factor that modifies the overall work hardening levels indicated in Fig. 6 , such as uncuttable dispersoid particles, for example, but also by stress-strain relaxation when unloading or during slight recovery annealing, or by changes in stress path between the severe plastic deformation stage and the tensile testing. Unloading after heavy deformation is likely to lead to a small strain reversal, as dislocations move backwards under the action of internal stresses, for example, while reloading in a different direction is known to allow the easier onset of plastic flow, as the Bauschinger effect [29] . Such effects, due to unloading or to reloading in a different direction, have been well documented for materials deformed to moderate strains [29, 30] and explained in terms of an internal stress distribution between the dislocation cell walls and the lower dislocation density inside the cell interiors. On unloading, backward dislocation motion occurs in the cell interiors, which take up a negative internal stress while the cell walls retain a high positive internal stress [30] . A consequence of this remnant dislocation substructure and these internal stresses is that reloading in the reverse direction (for example in tension after an initial compressive deformation) displays a lower yield stress as dislocations move at a lower stress than that applied at the end of the prior deformation stage; this is followed by a period of higher work hardening as the flow stress approaches the stress imposed at the end of the prior strain; and finally there is a period of low work hardening as the flow stress just reaches this starting stress value. Such effects are well understood [29, 30] for materials deformed to relatively small amounts (1-20% prior strain), but it is not sure whether such effects will still act when a more dislocation-free, ultrafine grained structure is considered.
The analysis above has considered that work hardening is controlled uniquely by the behaviour of the dislocations found within grain interiors. There are some suggestions that grain boundary processes, such as grain boundary diffusion or grain boundary sliding, may modify the work
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Ductility of Bulk Nanostructured Materials hardening behaviour, the strain rate sensitivity, and also the ductility [31, 32] . Such changes become very important for fine grain sizes (e.g. 30 nm), and for high homologous temperatures (above 0.2 T/T m ) and for slow strain rates (below 10 -4 /s) [31] , when the work hardening rate can fall, the strain rate sensitivity rise, and ductility may be improved. While it seems unlikely that significant grain boundary diffusion/sliding will occur in Al for the relatively large grains considered in the present work (of the order of 0.3 µm), such effects have nevertheless been suggested in a recent publication [32] for similar alloys, grain sizes and deformation conditions to the present study. It is felt, however, not to be possible to analyze further here the contribution of grain boundary processes to ductility changes with the available mechanical and microstructural information.
The role of internal stresses and unloading/reloading effects. There are a few reports of severely plastically deformed materials that are subsequently tested in more than one direction, and that allow an examination of the role of such Bauschinger effects in ultrafine grained materials. In one study [12, 13] , Cu deformed by ECAP (we consider for simplicity as a compressive deformation) was subsequently mechanically tested in both compression and in tension. Compression testing, i.e. reloading in a similar sense to that of the original prestrain, led to a fairly sharp yield point as plastic straining started and was followed by very low work hardening. Tensile testing showed a lower initial yield stress, followed by a period of high work hardening up to a high flow stress, at which point a plateau region of low work hardening rate was seen. This description is consistent with the description of Bauschinger anisotropy described in the previous paragraph. Another study of the tensile behaviour of Al alloy processed by ECAP [33] examined the tensile behaviour in the longitudinal and transverse directions and found a lower yield stress, followed by a long period of low work hardening until the maximum stress was achieved at a higher uniform strain, when testing in the longitudinal direction. This behaviour is analogous to considering tensile testing in the ECAP longitudinal direction as a "reverse loading" configuration, and tensile testing in the transverse direction as a "reloading" configuration. The evidence for such tensile-compression asymmetry, or of directionality of properties of ECAP materials, is not clear, however, with some reports finding essentially no asymmetry or directionality [34, 35] while other reports confirm and examine such asymmetry, directionality and the Bauschinger effect [36, 37] . A recent study of work hardening by severe plastic deformation of Cu [38] also provides information on tensile behaviour and compression behaviour after severe plastic deformation with, for the highly strained materials, the flow stress on reloading in tension being lower than when reloading in compression. It is interesting to note that, when the mechanical properties clearly show directionality on testing after ECAP [37] , the direction showing highest flow stress (the direction perpendicular to the inlet/outlet ECAP channels) has the poorest work hardening and lowest ductility, while the direction showing the lowest flow stress (the "vertical" direction, similar to the inlet ECAP channel) has the best work hardening and greatest ductility.
A final example of the different reloading behaviour when tensile testing and when compression testing is given in Figure 7 , for Al-7%Si previously deformed by ECAP to a total strain of 7. Again, considering that ECAP processing is equivalent to compressive straining, tensile testing can be seen as a "reverse loading" situation, and compression testing as a "reloading" situation. In this case, the differences of tensile and compressive testing are not as clear as in some of the literature examples cited, nor as expected by the Bauschinger model [29, 30] . During the initial stage of plastic deformation, it appears that compressive reloading leads to a lower yield stress, with a higher subsequent rate of work hardening until the two testing methods lead to identical stress-strain behavour after a plastic strain of about 2%. Further testing is required to examine such differences of tensile and compressive behaviour as a function of the amount of prior strain by ECAP and the corresponding microstructure.
Irrespective of the details of internal stresses generated during the severe plastic deformation by the corresponding dislocation and grain boundary substructures, it is clear that stress/strain recovery during unloading, and the orientation of reloading relative to the prior deformation, will play a role in determining the initial flow stress (affecting it by 5-10%, see Fig. 7 ), as well as the work hardening rate over the first few percent of subsequent plastic deformation (affecting it by as much as a factor of 2, see Fig. 7 ). Both these variations, raising flow stress and lowering work hardening rate, may accelerate the onset of flow instability as estimated through the Considère criterion.
Summary: Factors Influencing Uniform Deformation and Tensile Ductility of Ultrafine Grained Materials
This review of the factors affecting the tensile plastic deformation response of ultrafine grained materials prepared by severe plastic deformation has emphasized several points which are not generally considered when examining the mechanical behaviour of these novel materials.
Firstly, the factors that influence the amount of uniform plastic strain, to the maximum stress, and those that influence the tensile ductility, are not the same. The first is strongly dependent on the work hardening behaviour of the material during initial loading. The second depends both on the work hardening/flow instability behaviour of the bulk material, but also on the availability and activity of fracture nucleating sites, such as brittle inclusion particles or precipitate-matrix interfaces where cracks or cavities will form. While plastic deformation to extremely high strain levels can improve the overall ductility, it appears that, at least in many cases, the uniform plastic strain is not greatly improved. The observed improvement of tensile ductility should then be understood as related to the refinement and dispersion of the crack/cavity nucleation sites such that fracture initiation is delayed.
All studies of materials deformed to very high strain levels, as well as studies on nanomaterials prepared by other methods, confirm that the work hardening rate of such materials is reduced to very low levels. Such materials, with their high initial flow stresses, will always present relatively small strain ranges over which uniform and stable plastic deformation is maintained. Efforts to improve work hardening rate, by the addition of undeformable particles, of deformation twins, and so on, appear important, but can be expected to lead to only minor improvements in the uniform plastic strain levels.
Strain recovery will certainly take place during sample unloading, at the end of the severe plastic deformation, whether by ECAP pressing or by torsion shearing. This recovery occurs because of the inhomogeneous microstructure produced by the severe plastic deformation -cell or grain interiors/cell or grain boundaries -and the associated internal stress distribution. During reloading for tensile testing, new stresses are imposed in a direction which will generally not be the same as that suffered during the severe plastic deformation itself. Such anisotropies and direction-sensitivity of plastic behaviour will affect the flow stress and work hardening rate during the initial stages of such tensile testing, and thus play a notable role in determining the amount of uniform plastic strain. This near-yield plastic/anelastic behaviour of the ultrafine grained material, with its corresponding internal dislocation distribution, is presumably sensitive to factors such as mild recovery annealing and dislocation-restraining precipitate particles, and such factors will thus be important in controlling the tensile response of these ultrafine grained materials throughout the range of uniform plastic strain.
